We investigate the origins of Triton's deformed and young surface. Assuming Triton was captured early in solar system history, the bulk of the energy released during capture will have been lost, and cannot be responsible for its present-day activity. Radiogenic heating is sufficient to maintain a long-lived ocean beneath a conductive ice shell, but insufficient to cause convective deformation and yielding at the surface. However, Triton's high inclination likely causes a significant (≈ 0.7
1 Introduction below that convection-related yielding and deformation is taking place. We note, however, the 48 possibility that mechanisms other than ice shell convection, such as cryovolcanism (Croft et al., 49 1995) or diapirism driven by local density variations (Schenk and Jackson, 1993) may also contribute 50 to Triton's resurfacing.
51
While Triton is also active up to the present time in the sense that it has active geysers, we do 52 not view this as a particularly useful constraint. Although the geysers at Enceladus are probably 53 related to its internally active state, Triton's geyser activity is plausibly driven by solar heating 54 (Kirk et al., 1990 ) rather than endogenic geological activity. proposed: aerodynamic drag (McKinnon and Leith, 1995) ; collision with another satellite (Goldreich 58 et al., 1989) ; and exchange capture (Agnor and Hamilton, 2006) . Of these, the last -in which a 59 binary object encounters Neptune and one member of the binary (Triton) is captured -is by far the 60 most probable. The timing of the capture event is somewhat unclear. Aerodynamic drag can only 61 have operated during Neptune's formation, and the probability of a collision, always low, becomes 62 much lower once the main stage of accretion ended. Exchange capture could in theory occur at any 63 time, but modelling by Vokrouhlicky et al. (2008) suggests that it probably happened within the 64 first 5-10 Myr of solar system history.
65
The conventional picture of Triton's post-capture orbital evolution may be divided into two 66 phases Ross and Schubert, 1990) . In the first phase, its initially highly ec-67 centric orbit was circularized by tidally-driven dissipation. Because of the strong positive feedback 68 between dissipation and temperature, the majority of the circularization probably took place rapidly 69 (<100 My). The duration of the entire circularization process depends on poorly-known rheological 70 parameters, but was almost certainly <1000 Myr. An alternative, more rapid (∼0.1 My) mode of 71 circularization is via interaction with a disk resulting from collisions between other pre-existing 72 satellites (Cuk and Gladman, 2005) . In either case, the end state was a body on an inclined, but 73 essentially circular orbit.
74
The second phase involves more gradual evolution to the present-day situation. Tidal dissipa-75 tion in a satellite damps both eccentricity and inclination, while dissipation in the primary can have 76 the opposite effect (Murray and Dermott, 1999) . For the Neptune-Triton system, it is not obvious 77 whether dissipation in the primary or the satellite dominates . However, irre-78 spective of this issue, the inclination will damp more slowly than the eccentricity (as is evident from 79 the current circularity of Triton's orbit). We discuss this issue in more detail in Section 3.3 and 80 equation (9) below, and demonstrate that the inclination is not expected to have damped over the 81 age of the solar system. The reason this issue is important is that it is Triton's non-zero inclination 82 which we hypothesize is the ultimate cause of present-day tidal heating (Section 3.3). For a body consisting of two layers of uniform density, the bulk density ρ b is given by
where the density of the outer and inner layers are ρ i and ρ s , respectively, and the radial position 
97
Whether or not an ocean is present for either Triton or Pluto is unclear (Hussmann et al., 2006; 98 Desch et al., 2009; Gaeman et al., 2012, e.g.) . As discussed in Robuchon and Nimmo (2011) , a 99 present-day ocean on Pluto is likely if the ice shell is not convecting; conversely, a convecting ice 100 shell prevents an ocean from developing. Whether a similar logic applies to Triton depends on the 101 heat sources available to prevent an ocean from freezing (see Section 3 below). However, in the case 102 of Pluto our principal conclusions do not depend on whether or not an ocean is present.
103
For ice, we assume a constant thermal conductivity of 3 W m
In the absence of any observational constraints, we adopt a chondritic heating rate using the 118 same parameters used by Robuchon and Nimmo (2011) , which yields a present-day radiogenic 119 heat flux of 2.4 mW m −2 (or 3.4 × 10 −12 W kg −1 ). This value is a little smaller than the range 120 of 3.3 − 6.6 mW m −2 used by Brown et al. (1991) , but almost twice the present-day value of 121 1.3 mW m −2 adopted by Gaeman et al. (2012) . Part of the reason for the discrepancy with the 122 latter study is that these authors assumed a differentiated inner layer containing roughly equal 123 iron and silicate mass fractions, and then calculated heat production in the silicate layer alone.
124
This results in an underestimate, because the chondritic heating rates they used are based on Triton.
144 Figure 1 shows a slightly more sophisticated set of calculations which reinforce this conclusion.
145
Here we are modelling a Triton consisting of a conductive rock-iron core heated by radiogenic decay
146
and an outer H 2 O region. This region consists of a conductive ice shell and potentially an ocean.
147
The ocean will melt or freeze depending on the balance between heat transported from the top of 148 the rock-iron layer (here referred to as the ice-core interface or ICI) and heat lost from the shell to 149 space. Further details on the numerical technique employed are presented in the Appendix.
150
Fig 1a shows a case in which Triton is started from a cold temperature (150 K everywhere).
151
The heat flux from the ICI increases as the rock-iron core heats up due to radioactive decay, and what one would expect because of the short heat transfer timescale across the ocean and ice shell.
158
Both these heat fluxes exceed the present-day rate of radiogenic heat production (equivalent to (2011). However, we differ from Gaeman et al. (2012) in that our models are able to maintain an 162 ocean to the present day without requiring tidal heating. The reason is that Gaeman et al. (2012) 163 assumed a silicate core volume of 1.79 × 10 17 m 3 , which is roughly an order of magnitude too 164 small. As a result, the contribution of radiogenic heating to maintaining an ocean is significantly 165 underestimated (Hier-Majumder, pers.comm.).
166
Fig 1b shows the same situation, but now with a hot start (1000 K for the core and 250 K for the ice shell). Shell melting occurs almost immediately, and the ICI heat flux shows a monotonic decline because of the initial high temperature. However, the present-day situation is very similar 169 to that shown in Fig 1a - the surface is deforming or not -and we will argue below that this question can be addressed using 191 a relatively simple criterion.
192
The viscosity of ice η(T ) is strongly temperature-dependent (Goldsby and Kohlstedt, 2001 , e.g.):
where η 0 is the reference viscosity at the reference temperature 
with ρ i the ice density, g the acceleration due to gravity, T b and T s the temperatures at the top and in the mobile lid regime are given by (Moresi and Solomatov, 1998; Van Heck and Tackley, 2011) :
where η i is the viscosity of the convecting interior, δ 0 is the thickness of the convecting boundary convective stress by a factor of four; thus, more vigorous convection is more likely to cause yielding.
214
The importance of equation (6) is that, for a given viscosity, it can be used to determine a critical 215 convective heat flux below which surface yielding does not take place. Note that there is an implicit 216 dependence on Ra, because the convective heat flux and δ 0 both depend on Ra.
217
For two different satellites, assuming that (T b − T s ), k and κ do not differ much between the 218 bodies, we can write the ratio of the critical heat fluxes as follows
where σ y represents the yield stress and primed and unprimed variables refer to the two different 
238
Using the results summarized above, equation (7) can be used to determine the critical heat inferred heat fluxes on Enceladus suggests that the effective yield stress is not gravity-dependent.
245
We will therefore assume that σ y ≈ σ y in equation (7), and based on the Enceladus example take 249 Equation (7) shows that for yielding to occur a relatively high interior viscosity is desirable -250 but too high a viscosity will shut down convection entirely. This tradeoff is illustrated in Fig 2,   251 where the minimum shell thickness required for convection to occur (equations 4 and 5) and the 252 critical heat flux for yielding to occur (equation 7) are plotted for various basal temperatures T b .
253
Here we are assuming that heat production and (convective) heat transfer are in balance. As T b (Fig 2b) , except that everything 264 is shifted to higher basal temperatures.
265
An important consequence of these results is that for yielding to occur, Triton's putative ocean 266 must be relatively cold, presumably due to the presence of antifreeze. Ammonia is one such sub- especially if the ammonia has become concentrated in the ocean as the ice shell thickened.
271
As we discuss next, there are reasons to expect tidal dissipation in 
275
We can provide a crude reality check on this calculation by considering Ganymede and Callisto.
276
Both bodies had surface radiogenic heat fluxes of about 15 − 20 mW m −2 four billion years ago 277 (Schubert et al., 2004; McKinnon, 2006) , comparable to our estimate for Triton at the present day.
278
Stagnant lid convection with a low basal viscosity and mobile lid convection with a higher viscosity 279 can yield equal heat fluxes (Solomatov, 1995 The most important aspect of Triton's inclined orbit is that as a consequence its obliquity (angle 293 between the rotation pole and the orbit normal) is expected to be a few tenths of a degree. A finite 294 obliquity is important because it provides an additional source of tidal heating (Jankowski et al., 295 1989) in addition to the well known eccentricity tides. This is explained in more detail below. For a moderately dissipative synchronous satellite on an inclined orbit, the obliquity is driven 298 towards an equilibrium value at which the satellite spin axis and orbit normal remain coplanar 299 with respect to the invariable plane as they precess -a so-called Cassini state (Jankowski et al., 300 1989, e.g.). The orbit precession period (of 690 years) is well known (Jacobson, 2009 Radau-Darwin equation (Murray and Dermott, 1999) .
307
Triton began life hot (see above) and is not much smaller than Europa, which is demonstrably 308 hydrostatic (Schubert et al., 2004) . The available shape data for Triton, while uncertain, are con-309 sistent with a hydrostatic body (Thomas, 2000) . The hydrostatic assumption for Triton is therefore 310 not unreasonable. possessed an ocean, because in that case the shell is decoupled from the interior and the obliquity is 315 increased. One possible example of this effect is Titan, where the measured obliquity is more than 316 twice the predicted value based on a solid-body assumption (Bills and Nimmo, 2011) . The obliquity 317 of Triton with a decoupled shell would be approximately 0.7
• (Chen et al., 2014) . This factor of two 318 difference is important because tidal heating goes as the cube of obliquity (see below). 
Solid Body Tidal Heating

320
The rate of tidal dissipation in a solid, synchronous satellite is given by (Chyba et al., 1989, 321 e.g.)
Here θ and e are the obliquity and eccentricity (both assumed small), k 2 is the degree-2 tidal
323
Love number, Q is the dissipation factor, n is the mean motion, R is the satellite radius and G 324 the gravitational constant. Because Triton's eccentricity e ∼ 10 −5 , equation (8) shows that even for 325 θ = 0.1 • , obliquity tidal heating will dominate by a factor of ∼ 10 4 .
326
Equation (8) can be used to determine the ratio of the eccentricity damping timescale τ e to 327 the inclination damping timescale τ i , assuming dissipation in the satellite dominates. The result is (Murray and Dermott, 1999) 329
where i is the inclination and the final parameter f (≥ 1) takes into account the fact that the 330 total obliquity tidal heating may exceed the solid body obliquity heating if an ocean is present (see 331 below). Equation (9) shows that if f =1, inclination damping is always slower by a factor of at least 332 7 than eccentricity damping. In the cases we consider below, inclination damping is actually slower 333 than this because (sin i/ sin θ) 2 > f .
334
The eccentricity damping timescale τ e is given by Murray and Dermott (1999) :
where m is the mass of the satellite. Taking the nominal parameters given in Tables 1 and 2, we   336 find τ e ≈60 Myr, consistent with the rapid eccentricity damping found in the more sophisticated 337 models of Ross and Schubert (1990) .
338
Anticipating the results from the next sections, we find that f ≈ 180 for θ = 0.7
• . This in turn
339
gives (sin i/ sin θ) 2 /f ≈ 6, so that using equation (9) we obtain τ i ≈ 40τ e , or about 2.5 Gyr. It is 340 thus not unreasonable that Triton's eccentricity has damped, while its inclination (and obliquity) 341 have persisted.
342
As noted by Chyba et al. (1989) , dissipation in the primary has the opposite effect on inclination 343 to dissipation in the satellite. Thus, primary dissipation can slow, or even reverse, the damping of 344 inclination. For the nominal paramters given in Tables 1 and 2 and θ = 0.7
• , dissipation in the 345 satellite dominates by a factor of 3, where we take the k 2 of Neptune to be 0.2 (Kramm et al., 2011) 346 and use the upper bound for Q of Neptune of 36,000 (Zhang and Hamilton, 2008) . If dissipation in 347 the primary is important, our conclusion that high inclinations can have persisted is reinforced. 
Ocean Tidal Heating
349
Satellites which possess oceans may undergo turbulent tidal dissipation within those oceans.
350
Obliquity-driven tides propagating in the opposite direction to the satellite's spin are especially 351 likely to result in dissipation, because they have a resonant frequency equal to the orbital frequency 352 of the satellite (Tyler, 2008) . In Chen et al. (2014) we have modified the formulation used in Tyler
353
(2011) to derive ocean dissipation rates as a function of the dimensionless bottom drag parameter
354
C D . The drag coefficient formulation has a long history in terrestrial oceanic studies (Taylor, 1920; 355 Jayne and Laurent, 2001, e.g.) and is relatively well-constrained (C D ≈ 0.002). Although it is 356 expected to vary slightly with Reynolds number, Sohl et al. (1995) concluded that values of C D
357
in the range 0.002-0.01 are likely appropriate for Titan's ocean. We will adopt C D =0.002 to be 358 conservative here. Below we will focus on obliquity heating, since eccentricity heating in oceans is 359 always small (Chen et al., 2014) . We assume that the thickness of the ocean is large compared to 360 the bottom topography.
361
One potential complication that we ignore is the role of the ice shell. A thick, rigid lid will 362 reduce the amplitude of the obliquity tide, and hence the amount of tidal heating (Matsuyama, 363 2012). A Triton based on overlain by a 327 km thick convecting layer (viscosity 10 14 Pa s, rigidity 3 GPa), k 2 is reduced to 0.20. Because converting from k 2 to ocean dissipation is not straightforward, we ignore this potential 367 effect below, but note that it may be important to include in future.
After a certain amount of algebra, the oceanic dissipation rateĖ ocean due to obliquity tides for
369
Triton can be expressed as
where ρ w is the fluid density. Here we have simplified the full solutions of Chen et al. (2014) 371 by assuming that on Triton the quantity C D gθ/n 2 R 1, which is only approximately correct.
372
Comparison with the full solutions (see below) show that the result is a slight over-estimation of 373 the heating rate. We nonetheless show equation (11) because it makes the underlying physics more 374 transparent. For instance, the dependence on obliquity θ is cubic, so that an uncertainty of a factor 375 of 2 in the obliquity can make a big difference.
376
Making use of equations (8) and (11) we may derive the ratio of obliquity tidal heating in the 377 solid to that in the ocean:
where hereρ p and R p are the bulk density and radius of the primary (Neptune) and a is the semi-379 major axis. Equation (12) shows that the ocean tidal heating is comparable to the likely present-day rate of radiogenic heating 387 (Fig 1) . However, as discussed above, a more likely obliquity for a decoupled, ocean-bearing Triton 388 is 0.7
• , in which case the ocean heating rate is 320 GW (14 mW m −2 ) assuming C D = 0.002. Thus,
389
depending on the obliquity, the likely surface heat flux from the combination of stored radiogenic 390 heat and ocean tidal heating is 7-18 mW m −2 , with the higher value being more probable. As 391 discussed in Section 3.2 above, the higher values are sufficient to cause convection and surface 392 yielding (Fig 2) , compatible with the observational constraints. Similar heat fluxes at ancient Callisto
393
-assuming an ocean temperature ≈270 K -could have been associated with convection, but not 394 yielding.
395
Because we are assuming that for Triton the convective heat flux balances the total (tidal + 396 radiogenic) heat production, this is a steady-state situation: as long as the tidal heating is available, 397 a long-lived ocean is compatible with mobile-lid convection. The situation is also potentially self-398 regulating. If too much heat is being extracted across the shell compared to the heat input from 399 below, shell solidification will concentrate NH 3 in the remaining ocean, reducing its temperature. As thermal-orbital models would be required to address this issue further.
404
13 Figure 2 summarizes the key results of this MS: for Triton, radiogenic heating alone is incompat-∆T m =3 K. The energy density required for complete melting is given by
where L H is the latent heat of fusion (0.33 MJ/kg) and C p = 1970 J kg −1 K −1 . Melting is assumed to start at the lowermost ice node and to go to completion within each node before melting begins in the next node above. Each node has an initial energy content E i = 0. For the melting node, for each timestep at which the predicted temperature in the node T i equals or exceeds T m − ∆T m , we increment E i by an amount ∆E i where
If the node below is rock-iron, then the basal heatflux F i b can be calculated using the usual conduction approach and equation (2) resembles a finite-difference version of equation (1). If an ocean is present, we assume that heat transfer across the ocean is instantaneous, in which case we have
where r i is the radial position of the i-th (melting) node, R s is the radius of the rock-iron core and F c is the conductive heat flux out of the core.
When a particular node is melting, the melt fraction φ i = E i /E 0 and the temperature is T i = T m − (1 − φ i )∆T m . If melting goes to completion, that node is then assigned to be part of the ocean (temperature T m ) and is no longer treated with equation (2); melting begins at the next node above. Because melting is discretized (only one node melts at a time), the heat flux across the base of the shell is also discretized, resulting in the stair-step pattern seen in Fig 1. Freezing is modelled in an analogous fashion. If the change in energy given by equation (2) is negative, freezing is occurring and the melt fraction φ i and temperature T i are both reduced. When E i = 0, freezing has gone to completion on the i-th node, and equation (2) is then applied to the next node down.
To ensure that our code was working correctly, we compared our results with the conductive case shown in Fig 2 of Robuchon and Nimmo (2011) . The agreement was excellent, except for a brief period after the episode of tidal heating included in the calculations of Robuchon and Nimmo (2011) , but neglected in our model. We also checked our solution against the analytical (Cartesian) Stefan solution (Turcotte and Schubert, 2002) by setting the heat flux out of the core to zero after 30 Myr (to allow initial melting) and allowing the shell to evolve conductively. Using the thermal parameter values of Gaeman et al. (2012) for which the quantity λ = 0.72 we found a shell thickness of 247 km after 300 Myr, which is within 3% of the analytical value of 254 km. Fig. 1 . Thermal evolution models for a conductive Triton showing evolution of heat fluxes and ice shell thickness (see Appendix for more details). Plotted heat fluxes are all evaluated at the surface. Shell thinning occurs when the heat flux out of the ice-core interface exceeds that across the ice shell, and vice versa. Note that the instantaneous radiogenic heat production does not equal the heat flux out of the core, because of the time it takes for heat to be conducted across the core. a) Cold start (initial temperature 150 K). b) Hot start (1000 K for core, 250 K for ice shell). Stair-step pattern in surface heat flux is due to discretization employed (see Appendix). 
